Background: Puberty is a period of rapid growth associated with metabolic, hormonal, and body composition changes that can influence risk factors for chronic diseases such as type 2 diabetes. Objective: To evaluate body composition and insulin sensitivity (IS) modifications throughout puberty in a large group of obese Caucasian subjects. Methods: Five hundred and nineteen obese subjects (4-19 years), grouped according to gender and Tanner stage (T), underwent oral glucose tolerance test. Quantitative insulin check index (QUICKI) and ISI were calculated as indexes of IS. In 309 subjects, body composition by dual-energy X-ray absorptiometry, IGF1, adiponectin, and leptin were also evaluated. Results: Body composition modifications were sexually dimorphic, with girls not modifying fat and lean percentage and fat distribution (PO0.15), and boys decreasing fat percentage and increasing lean percentage and central fat depot (P!0.001) across Ts. IS decreased during mid-puberty and returned to prepubertal levels by the end of puberty. Girls showed lower IS than boys (P!0.01 and Z0.03 for QUICKI and ISI respectively). In multivariate analysis factors that negatively influenced IS, independently from T or age, were total fat mass and central fat depot in girls (P!0.05 and !0.01, respectively), total fat and lean mass in boys (P!0.01). IGF1, adiponectin, and leptin were not related to pubertal IS. Conclusions: In obese Caucasian subjects, further decrease of IS observed during puberty is a transient phenomenon. Factors that independently from T or age influence IS are central fat depot in girls, lean amount in boys, and total fat mass in both sexes.
Introduction
As the epidemic of childhood obesity progresses, physicians are increasingly faced with obesity related comorbidities during pubertal transition. Puberty is a dynamic period of development associated with a number of metabolic, hormonal, and body composition changes that can influence risk factors for chronic disease such as type 2 diabetes (1) .
Insulin resistance is a feature of obesity and hallmarks normal pubertal development. In normal weight children, insulin sensitivity (IS) is higher before the onset of puberty, reaches its nadir midway through maturation, and approaches near pre-pubertal levels at the end of maturation (2) (3) (4) (5) (6) (7) (8) . Hormonal changes in the GH/IGF1 axis are thought to be the primary determinants of pubertal insulin resistance. Serum levels of these hormones are higher during puberty than in the prepubertal or adult years, and insulin resistance in adolescents has been shown to positively correlate with serum IGF1 and 24-h GH levels (4, 7) . However, discordant data have been reported on the insulin resistance pattern during adolescence in obese subjects (9, 10) .
Puberty is also marked by rapid changes in body size, shape, and composition. During normal pubertal development, there is a significant weight gain: 50% of adult body weight is gained throughout adolescence (11) . Alterations in total adiposity and body fat distribution are thought to be involved in the pubertal insulin resistance, along with the physiological GH hypersecretion (12) .
There has been no study to our knowledge that has looked at the relationship between insulin resistance, body composition assessed by direct measure (i.e., dualenergy X-ray absorptiometry; DEXA), and IGF1 in obese Caucasian subjects during pubertal development.
Therefore, we sought to assess the correlation between the dynamics of IS and the differences in lean and fat mass and the distribution of body fat from childhood to the end of puberty in Italian obese children and adolescents.
Subjects and methods
We investigated a large group of obese Caucasian children and adolescents (519 subjects), covering a wide range of age (4.0-19.0 years).
Patients referred for obesity from 1997 to 2008, to Bambin Gesù Children's Hospital from their primary care pediatrician were consecutively enrolled into the study, if they met the following criteria: i) age and gender body mass index (BMI; z-score) above 2.0 S.D., based on Italian standards (13) ; ii) absence of underlying chronic diseases; iii) Italian origin (all four grandparents of Italian descent). Participants were not following a weight-reducing diet, not taking any medication or carrying a previous clinical diagnosis known to influence body composition, IS or dietary intake. Written informed consent was obtained from parents or patients before any testing procedure. Ethical approval of the protocol was obtained by the Local Scientific Committee. The study was conducted in accordance with the Declaration of Helsinki.
After a 12 h overnight fast, at w0800 h all subjects were admitted in the clinic for 1-day inpatient visit. Height was measured without shoes to the nearest 0.1 cm using a wall stadiometer, and weight was measured in underwear to the nearest 0.1 kg using a medical balance beam scale. Physical maturation was assessed according to Marshall and Tanner (14) . Subjects were divided into gender and Tanner stage (T) on the basis of breast development in girls, genitalia development in boys, as follows: prepubertal (T1), early pubertal (T2), mid-pubertal (T3-4), and late pubertal (T5).
Insulin sensitivity indexes
Two baseline fasting blood samples were taken via antecubital vein catheter and then all subjects underwent an oral glucose tolerance test (OGTT; 1.75 g of glucose solution per kilogram of body weight to a maximum of 75 g). Plasma samples were collected every 30 min until 2 h, for determination of glucose and insulin concentration.
IS was estimated by quantitative insulin check index (QUICKI) (15) based on fasting glucose and insulin values and by IS index (ISI) (16) , an OGTT derived index. These indexes have been demonstrated to strongly correlate with the euglycemic-hyperinsulinemic clamp and minimal model frequently sampled i.v. glucose tolerance test derived measures of IS in obese children and adolescents (17) (18) (19) .
Body composition, IGF1, adiponectin, and leptin
We added body composition evaluation to our study protocol in 2002 and assessed it in 309 subjects (145 girls, 164 boys). In this subgroup, IGF1, adiponectin, and leptin were also measured.
Body composition was measured by DEXA using Hologic QDR Delphi (Hologic Inc., Bedford, MA, USA). DEXA segments the body into the three compartments of fat mass, bone mineral content, and fat-free soft tissue, i.e., lean mass. DEXA data consisted of fat mass (kg), lean mass (kg), and bone mineral mass (kg) of the trunk, upper, and lower extremities, and head. The trunk region was defined as the region below the chin, the region delineated by vertical lines within the left and right glenoid fossa and bordering laterally to the ribs, and the region delineated by oblique lines that cross the femoral necks and converge below the pubic symphysis. Body fat distribution was evaluated by central obesity index as the fat mass in the truncal region divided by the fat mass in the lower extremity region (20) .
Assays
Serum insulin levels were measured by a chemiluminescent immunoassay method on ADVIA Centaur analyzer with a commercial kit (ADVIA Centaur IRI); intra-and inter-assay CV range was 3.3-4.6 and 2.6-5.9% respectively. Quantitative determinations of blood glucose were measured by enzymatic method on Roche automated clinical chemistry analyzer (Roche/Hitachi 904 analyzer); intra-and inter-assay CV were 0.9 and 1.8% respectively. IGF1 levels were measured by IRMA (Immunotech, Beckman Coulter Laboratories, SA, Marseille Cedex, France) according to the manufacturer's instructions. Human adiponectin was determined in serum by ELISA (Biovendor Laboratory Medicine Inc., Brno, Czech Republic) according to the manufacturer's instructions. Human leptin was determined in serum by IRMA (DSL, Beckman Coulter, Webster, TX, USA) according to the manufacturer's instructions.
Statistical analysis
Means and S.D. values were computed within sex and T categories, unless otherwise noted. Girls and boys were analyzed separately due to the differences in hormone and body composition modifications during puberty. When the variable of interest was non-normally distributed, parametric analyses on a suitable transformed variable were performed.
Two statistical procedures were used when looking for differences on characteristics within and across gender and T: i) two sample t-test for comparison between two groups; ii) one-way ANOVA with four groups (T1, T2, T3-4, T5) to compare characteristics across these four. For post hoc multiple comparison, we utilized Bonferroni's test. Proportions were compared by c 2 test.
Stepwise multiple linear regression analysis was performed by entering closely interrelated variables separately, i.e., when lean mass was inserted, fat mass was omitted, because fat and lean mass were highly and positively correlated. ISI was the dependent variables. Significance level for all tests was set at P!0.05. SPSS software, version 12.0 (SPSS Inc., Chicago, IL, USA) was used for all analyses.
Results
Characteristics of subjects divided according to gender and T are reported in Table 1 . Participants included 228 girls and 291 boys. Girls were younger than boys (PZ0.02), due to the later puberty of boys. Height and BMI increased throughout puberty, with the greatest increment in height occurring from T1 to T2 in girls and from T2 to T3-4 in boys, and in BMI from T2 to T3-4 in both. There was no significant difference in BMI between boys and girls at any T.
The 309 subjects with body composition, IGF1, adiponectin, and leptin assessment were equally distributed in the different Ts and were comparable in terms of BMI, age, and IS with other subjects included in the study.
Body composition throughout puberty
Both girls and boys accrued fat mass at a similar rate: at the end of puberty, the average difference in fat mass was C12 kg for girls (C53%),C9 kg for boys (C39%) (PZ0.53). Boys appeared to have a more pronounced augment in lean mass than girls; at the end of puberty, the average increase was 18 kg for girls (C62%) and 29 kg for boys (C92%), but the difference was not statistically significant (PZ0.28).
When percentages of total body fat and lean mass were considered, girls showed steady body composition throughout puberty (PZ0.15 and 0.24 for fat and lean percentage respectively), not modifying their lean to fat ratio. On the contrary, in boys, total body lean percentage increased and conversely fat percentage decreased from T3-4 onwards (P!0.001 for T3-4 vs T1, and for T5 vs T1, for both lean and fat percentages). Girls had higher total body fat percentage and lower lean percentage than boys at each T (P!0.01; Fig. 1 ).
When body fat distribution was considered, girls showed constant values of central obesity index across Ts (PZ0.61). By contrast, central obesity index greatly increased at T5 in boys (P!0.001 for T5 vs T1; PZ0.04 vs T5 of girls; Fig. 2 ).
Furthermore, to evaluate any modification of body composition after menarche, girls with T3-4 and T5 were divided according to the presence/absence of menarche. There were no differences in fat and lean percentage and central obesity index between these two groups (PZ0.96, 0.90, 0.86 respectively).
Insulin sensitivity, IGF1, adiponectin, and leptin throughout puberty ISI and QUICKI were highly correlated in girls and boys (rZ0.90, P!0.001).
QUICKI decreased with the onset of puberty, reaching the lowest values in mid-puberty, at T3-4 (P!0.001 vs T1), and returning to almost the prepubertal levels at T5, in both girls and boys. As a whole group, girls had lower QUICKI values than boys (PZ0.001), and lower QUICKI than boys at each T. However, statistical significance was only achieved for T2 (PZ0.03; Fig. 3A ).
ISI showed similar findings, with IS decreasing from T2 in girls, (PZ0.02 vs T1), and from T3-4 in boys, (PZ0.01 vs T1) and recovering by T5 in both sexes. Again, girls as a group had lower ISI values than boys (PZ0.03) and lower ISI than boys at each T, but statistical significance was only achieved for T2 (PZ0.02; Fig. 3B ).
IGF1 increased in boys and girls at T3-4 (P!0.001 vs T1) (mean IGF1 at T1 and T3-4 241G133 and 468G185 ng/ml respectively) and maintained high values at T5 (468G174 ng/ml).
Adiponectin and leptin did not show great variation during puberty, even if lower value of adiponectin at T3-4 in boys (10.8G4.9 mg/ml) vs T1 (14.2G5.1 mg/ml; PZ0.011), and higher values of leptin in girls at T5 (7.3G2.2 ng/ml) vs T1 (5.8G1.9; PZ0.007) were observed. 
Prediction of IS
In multivariate analysis with IS indexes as dependent variables, parameters independently associated to IS were central obesity index and total body fat mass (P!0.01 and !0.05 respectively) in girls; total body fat and lean mass (P!0.01) in boys ( Table 2) . These relationships were independent of T, IGF1, adiponectin, and leptin. When age was inserted as covariate instead of T, the relationship between IS and body composition did not change, and age was not significantly linked to IS.
Discussion
This cross-sectional analysis of 519 children and adolescents (309 with body composition evaluation) represents the largest examination to date of relation of the IS to Tanner stage, sex, and body composition in obese subjects.
Data from the present study clearly show that girls are more insulin resistant than boys and that IS decreases by T2 in girls and by T3-4 in boys, and returns to T1 levels by the end of puberty (T5) in both girls and boys. Moreover, body composition modifications are sexually dimorphic, with girls not modifying their fat and lean percentage and their fat distribution during puberty, and boys decreasing fat percentage and increasing lean percentage and central fat depot with age. These changes do not parallel the transient pubertal modification of IS, suggesting that changes in body composition are not the driving force behind the insulin resistance of puberty in obese subjects. In multivariate analysis, factors that primarily influenced IS independent of T or age, are central fat depot in girls, lean mass in boys, and total body fat in both.
In normal weight children, pubertal decrease in IS is a transient physiological stage of development (11) . Our findings regarding pubertal decrease of IS in obese subjects are in complete agreement with those of previous cross-sectional and longitudinal observations on normal weight children (2, 3, 5) . The largest crosssectional study was reported in data from 357 black and white children in whom insulin action was assessed by euglycemic clamp technique. In this study, IS began to fall by T2, reached a nadir at T3, and then recovered to near prepubertal levels by T5 (2) .
Significant change in body composition is known to occur during puberty in concert with changes in the hormonal environment. In normal weight subjects, body fat percent increases in girls and decreases in boys. Total fat mass increases in both sexes, however, because there is a dramatic increase in fat-free mass in boys, their fat mass contributes proportionally less to body weight (11) .
In the present study, boys, as expected, accrued more lean than fat mass and at the end of pubertal development, had an increase in lean and fat mass of 92 and 39% respectively. Girls accrued lean and fat at a similar rate (62 and 53% respectively). Thus, differently from normal weight adolescents, girls maintained a constant body composition, with no body fat percentage increase across pubertal development. Boys emerged from puberty with higher central body fat depot and girls with higher peripheral body fat (i.e. lower body fat; data not shown). The deposition and distribution of fat as these subjects become adults is of importance because accumulating greater amounts of truncal fat may lead them to unfavorable cardiovascular risk status. These findings, in agreement with other authors (21) , raise the possibility that women in general have a fat-storage capacity in peripheral adipose tissue exceeding that of men, in whom central fat depot is increased.
In normal weight subjects, substantial evidence suggests that GH may play a key role in pubertal insulin resistance (22) . This hypothesis is attractive because GH and IGF1 are transiently higher in mid-puberty, mirroring the changes in IS, and IS is correlated with GH and IGF1 (4, 7) . Furthermore, the pubertal IS nadir occurs at the same time as the growth spurt. By contrast, sexual steroids do not seem to play a role in physiological changes of IS during pubertal development (23) .
Our auxological data support the relationship between pubertal insulin resistance and growth, since IS nadir in our patients was temporally related to the pubertal growth spurt in each sex, at T2 in girls, at T3-4 in boys. Apparently, IGF1 in obese subjects is not a valid tool to monitor growth, as adolescent obesity is associated with profound disturbance in the GH-IGF-IGFBP system (24) . In accordance with this view, in the present study, IGF1 was neither inversely correlated with pubertal IS nor temporally related to growth spurt.
In our large group of obese children and adolescents, factors that significantly influenced IS in girls independently from T or age were total fat mass and central fat depot. Hence, adiposity in girls and specifically central (truncal) obesity has a major role in predicting low IS. While central obesity in growing boys appears to be linked to age (i.e., truncal obesity emerges at T5), in girls central adiposity seems to be strictly related to adverse metabolic outcomes since childhood. This is in accordance with studies on obese girls with polycystic ovary syndrome (PCOS), who are more likely to have abdominal distribution of body fat, which is associated with insulin resistance and hyperandrogenaemia (25, 26) . However, in the present study, we did not GS.E.M. *P!0.05 compared with T1 of the same gender. As a group, girls showed lower QUICKI values than boys (PZ0.001). Girls appeared to have lower QUICKI than boys at each Tanner stage, but only differences at T2 were statistically significant (PZ0.03). Statistical methods utilized for comparison between girls and boys and across T stages as in Figure 1. investigate the role of PCOS, as most of the girls were premenarcheal or in the first two years after menarche. Surprisingly, in boys lean mass along with fat mass amount, and independently from T or age, negatively influenced IS. Our data show for the first time that, contrary to the general belief, higher level of lean body mass is associated with low IS in growing obese male subjects. Many studies on children and adolescents have reported the relationship between body fat and IS (2, 3, 12, 27) , but no one has reported the relation among IS and lean mass. This could be due to the fact that many studies focused on degree of adiposity, directly measured or estimated by BMI, without taking into account lean mass. One can hypothesize that different muscle fibers distribution and composition in growing boys and girls, with fast fibers closely related to insulin resistance occupying a greater area in men and slow fibers occupying a greater area in women could explain the strict relationship between lean mass and IS found in boys and not in girls (28) (29) . Our observation must be interpreted with caution since studies have shown that resistance training programs aimed to increase muscle mass improve IS (30, 31) . Thus, further studies are needed to confirm and explain the link between decreased IS and lean mass we found.
Some limits of our study must be taken into account. First, we used DEXA that can not distinguish visceral from subcutaneous fat, but barely assesses the amount of fat in the trunk. Secondly, we did not study IS with the gold standard technique, i.e., hyperinsulinemiceuglycemic clamp, for its complexity in pediatric population. Finally, cause-and-effect relationships cannot be drawn given the cross-sectional study design. To this purpose, follow-up longitudinal analysis will be performed as this cohort progresses through puberty. Despite these limitations, our investigation provides some robust cross-sectional data on metabolic and anthropometric characteristics of obese Caucasian individuals during pubertal development.
In conclusion, obese children, like normal weight children, experience a stage of decreased IS during puberty. This corresponds with the period of rapid growth and development and resolves by the end of puberty. Total body fat amount in both girls and boys, central body fat depot in girls, and lean mass in boys are the main determinates of IS in growing obese subjects.
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